Peripheral oxytocin suppresses food intake and causes weight loss in diet-induced obese rats. Am J Physiol Endocrinol Metab 302: E134 -E144, 2012. First published October 18, 2011 doi:10.1152/ajpendo.00296.2011.-Growing evidence suggests that oxytocin plays an important role in the regulation of energy balance and that central oxytocin administration induces weight loss in dietinduced obese (DIO) animals. To gain a better understanding of how oxytocin mediates these effects, we examined feeding and neuronal responses to oxytocin in animals rendered obese following exposure to either a high-fat (HFD) or low-fat diet (LFD). Our findings demonstrate that peripheral administration of oxytocin dosedependently reduces food intake and body weight to a similar extent in rats maintained on either diet. Moreover, the effect of oxytocin to induce weight loss remained intact in leptin receptor-deficient Koletsky (fa k /fa k ) rats relative to their lean littermates. To determine whether systemically administered oxytocin activates hindbrain areas that regulate meal size, we measured neuronal c-Fos induction in the nucleus of the solitary tract (NTS) and area postrema (AP). We observed a robust neuronal response to oxytocin in these hindbrain areas that was unexpectedly increased in rats rendered obese on a HFD relative to lean, LFD-fed controls. Finally, we report that repeated daily peripheral administration of oxytocin in DIO animals elicited a sustained reduction of food intake and body weight while preventing the reduction of energy expenditure characteristic of weight-reduced animals. These findings extend recent evidence suggesting that oxytocin circumvents leptin resistance and induces weight-loss in DIO animals through a mechanism involving activation of neurons in the NTS and AP, key hindbrain areas for processing satiety-related inputs.
OXYTOCIN IS A PEPTIDE SYNTHESIZED within both magnocellular and parvocellular neurons of the paraventricular nucleus (pPVN) as well as by magnocellular neurons of the supraoptic nucleus (SON) of the hypothalamus (19) . Unlike magnocellular oxytocin neurons, which project to the neurohypophysis where they secrete oxytocin in the circulation, oxytocin-containing projections from the pPVN to hindbrain areas release oxytocin as a neuropeptide involved in the control of food intake and autonomic function (10) . Whereas peripherally secreted oxytocin promotes uterine contraction during parturition and stimulates milk ejection during lactation (19) , central release of oxytocin is implicated in both social behavior (maternal behavior, trust, emotion, social memory) (1, 18, 30) and energy homeostasis (2, 8, 31, 58, 63) .
Several lines of evidence suggest that reduced oxytocin signaling is associated with obesity. Mice with haploinsufficiency of single-minded 1 (SIM1) (Sim1 ϩ/Ϫ ), a gene essential for the formation of the PVN, have reduced expression of both oxytocin and melanocortin-4 receptor (Mc4r) in this hypothalamic structure (31, 32, 59) and are characterized by hyperphagic obesity, increased linear growth, and increased susceptibility to diet-induced obesity (DIO) (22, 31, 32, 59) , and a similar phenotype is observed in humans with Sim1 haploinsufficiency (21, 23) . Furthermore, the number and size of oxytocin neurons in the PVN are reduced in humans with Prader-Willi syndrome (PWS), a human genetic disorder characterized by severe hyperphagia and obesity (57) . Reduced release of oxytocin from mouse PVN via synaptotagmin-4 (Syt4), an atypical modulator of synaptic exocytosis, also promotes the development of DIO (63) . That oxytocin signaling is required for proper regulation of energy balance is further supported by evidence that mice deficient in either oxytocin (12) or oxytocin receptors (58) exhibit a late-onset obesity phenotype. Conversely, pharmacological studies demonstrate that either systemic (2, 3, 5) or intracerebroventricular (icv) (3, 5, 44, 50) administration of oxytocin dose-dependently reduces food intake in chow-fed rats, an effect prevented by icv pretreatment of an oxytocin-receptor antagonist in the latter model (45) . Recent evidence also suggests that increased oxytocin signaling, via reduced expression of Syt4, a negative regulator of oxytocin release, prevents the development of DIO, while central administration of oxytocin is capable of inducing weight loss in DIO mice (63) . These data collectively suggest that oxytocin plays an essential role in energy homeostasis, although the mechanisms underlying these effects remain to be established. Also unknown is whether chronic systemic administration of oxytocin is sufficient to cause weight loss in obese animals.
Growing evidence suggests that oxytocin neurons in the pPVN are part of a neurocircuit whereby hypothalamic leptin signaling is coupled to the satiety response of gut-derived signals such as cholecystokinin (CCK). Specifically, oxytocin is contained in neurons that project from the pPVN to hindbrain areas that respond to CCK and other meal-related inputs that lead to meal termination and hence determine meal size. Consistent with this hypothesis, oxytocin neurons in the pPVN that are activated by leptin (8) innervate hindbrain areas that regulate meal size (6, 8, 29) , and leptin-induced anorexia requires oxytocin signaling (8) . Delineating this neurocircuitry is a key priority, as most obese humans and rodents exhibit the combination of elevated circulating plasma leptin levels and reduced responsiveness to the effect of leptin to suppress food intake and induce weight loss (15, 16, 20, 52) , a phenomenon commonly referred to as "leptin resistance".
On the basis of these observations, we hypothesized that by acting downstream of neuronal systems involved in leptin resistance, increased oxytocin signaling can circumvent this problem to induce weight loss in obese animals through activation of hindbrain neurons that regulate feeding. To test this hypothesis, we compared feeding and neuronal responses to either oxytocin or leptin in rats maintained on either a low-fat diet (LFD) or a high-fat diet (HFD) and examined the potential of oxytocin to induce weight loss in rats with DIO. Our findings demonstrate that oxytocin administration effectively induces weight loss irrespective of whether animals are obese and/or leptin signaling is intact.
MATERIALS AND METHODS

Animals
Adult male Sprague-Dawley (SD) rats were obtained from Charles River Laboratories International, (Wilmington, MA), and adult male obese (fa k /fa k ) Koletsky rats and lean (Fa/Fa) male littermates (Vassar College, Poughkeepsie, NY) were generated from serial back-crosses (N10 equivalent) of the fa k mutation to the inbred rat strain LA/N. All animals were housed individually in Plexiglas cages in a temperaturecontrolled room under a 12:12-h light-dark cycle. Animals had ad libitum access to water and either a LFD containing 10% kcal from fat or a HFD containing 45% kcal from fat (Research Diets, 12450B; 12451, New Brunswick, NJ), unless otherwise stated. The current research protocols were approved both by the Institutional Animal Care and Use Committees of the Veterans Affairs Puget Sound Health Care System (VAP-SHCS), the Department of Veterans Affairs Nebraska Western Iowa Health Care System, and the University of Washington in accordance with NIH Guidelines for the Care and Use of Animals.
Surgery
For experiments that required third ventricle (3V) administration of oxytocin, a separate cohort of animals was implanted with a cannula directed to the 3V as previously described (56) . Briefly, animals under isoflurane anesthesia were placed in a stereotaxic apparatus with the incisor bar positioned 3.3 mm below the interaural line. A 26-gauge guide cannula (Small Parts, Miami Lakes, FL) was stereotaxically positioned 1 mm dorsal to the 3V (6.8 mm anterior to the interaural line; 0.05 mm lateral to the midline, and 6.2 mm ventral to the skull surface) and secured to the surface of the skull with dental cement and stainless steel screws. A 33-gauge obturator was inserted into the cannula to maintain patency. Animals were injected with buprenorphine hydrochloride (0.3 mg/kg sc; Reckett and Colman Pharmaceuticals, Richmond, VA) at the completion of surgery and were allowed to recover at least 7 days prior to verification of cannula placement. Cannula placement was verified before the start of experiments by measuring the drinking response following 3V injection of angiotensin at a dose of 10 ng/l. All animals that drank at least 5 ml of water over a 30-min period were used in the subsequent data analysis.
Drugs
Oxytocin (Bachem, Torrance, CA) was initially dissolved in sterile water and diluted in saline. Recombinant rat leptin (Dr. A. F. Parlow, National Hormone & Peptide Program, CA) was dissolved in phosphate-buffered-saline (PBS) and adjusted to pH 7.9.
Body Composition
Determinations of lean body mass (LBM) and fat mass were made on LFD and HFD animals by quantitative magnetic resonance (QMR) using an EchoMRI 4-in-1 instrument (Echo Medical Systems, Houston, TX) at the VAPSHCS Rodent Metabolic and Behavioral Phenotyping Core at the VAPSHCS. Body composition measurements were also made on lean and obese Koletsky rats and DIO rats by using an EchoMRI-700TM instrument (Echo Medical Systems, Houston, TX) at the University of Washington Nutrition Obesity Research Center (NORC) Animal Studies Physiology Core.
Indirect Calorimetry
Rats were acclimated to calorimetry cages prior to the study and data collection. Energy expenditure measures were obtained using a computer controlled indirect calorimetry system (Promethion; Sable Systems, Las Vegas, NV) located in the Animal Studies Core of NORC at the University of Washington. The calorimetry system consisted of 16 home cages with bedding, that were each equipped with water bottles and food hoppers connected to load cells for food and water intake monitoring. Eight cages apiece were contained in a pair of temperature-and humidity-controlled chambers maintained at 21.4 Ϯ 0.01°C and 41 Ϯ 0.2% relative humidity (Caron Products & Services, Marietta, OH). The air within the cages was sampled through microperforated stainless steel sampling tubes located in the inner bottom rim of the cages. Ambulatory activity and position were detected with XYZ beam arrays (BXYZ-R, Sable Systems) with a beam spacing of 1 cm. Respiratory gases were measured with an integrated fuel cell oxygen analyzer, spectrophotometric CO 2 analyzer, and capacitive water vapor partial pressure analyzer (GA3, Sable Systems). The system used two GA-3 analyzers operating in parallel, devoted to eight cages apiece, to maximize throughput. Gas sensors were calibrated daily with 100% N 2 as zero reference and with a span gas containing known concentrations of O2, CO2 with balance N2 (PraxAir, Tacoma WA). Promethion utilizes a pull-mode, negative pressure system. Two multichannel mass flow generators measured and controlled air flow (FR8, Sable Systems). The incurrent flow rate was set at 3,000 ml/min. Water vapor was continuously measured, and its dilution effect on O 2 and CO2 was mathematically compensated for in the analysis stream (34) . O2 consumption and CO2 production were measured for each rat for 1 min every 10-min interval. Incurrent air reference values were determined after measuring every four cages. Respiratory quotient (RQ) was calculated as the ratio of CO 2 production over O2 consumption. Energy expenditure was calculated using the Weir equation: kcal/h ϭ 60 ϫ (0.003941 ϫ V O2 ϩ0.001106 ϫ V CO2) (61) . To control for the influence of body size variation on TEE (11), group comparisons involving this outcome were adjusted for total body mass using analysis of covariance (ANCOVA), as recommended (25, 26) . Ambulatory activity was determined simultaneously with the collection of the calorimetry data. Consecutive adjacent infrared beam breaks in the y-axes, i.e., the length of the cage, were scored as an activity count, and a tally was recorded every 10 min. Data acquisition and instrument control were coordinated by MetaScreen v. 1.6.2, and the obtained raw data was processed using ExpeData v. 1.4.3 (Sable Systems) using an analysis script detailing all aspects of data transformation. The script is available on request from the corresponding author.
Study Protocols
Determination of leptin-induced anorexia in DIO animals. Animals were habituated to regular handling and sham injections for at least 1 wk prior to the commencement of studies. On the day of the study, 6-h-fasted animals received an intraperitoneal (ip) injection of either leptin (1.5 mg/kg LBM) or vehicle 1 h prior to dark cycle onset. Food was returned immediately prior to dark cycle onset and measured both 4 h and 18 h later, while body weight was recorded 18 h later.
Determination of oxytocin-induced anorexia in DIO animals.
A similar experimental paradigm was used to determine whether peripheral administration of oxytocin reduces food intake in lean and DIO rats. Based on the work of Arletti and colleagues (2, 3), 6-h-fasted rats received an ip injection of either vehicle or oxytocin at a dose of 125, 250, 500 or 1,000 g/kg LBM immediately prior to dark cycle onset. The dose of oxytocin was adjusted on the basis of LBM rather than total body mass when lean and obese animals were compared, as LBM is better correlated to body water content and thus more likely to achieve comparable blood levels (7, 41) . This approach resulted in doses in obese animals that were far lower than would have been the case had dosage been adjusted on the basis of weight. Food was returned immediately thereafter and intake measured both 4 h and 18 h later, while body weight was recorded 18 h later. Injections were performed in a crossover, within-subjects design with at least 72 h given between injections.
Determination of oxytocin-induced anorexia in leptin receptordeficient animals. To determine whether systemic oxytocin induces weight loss in an animal model of defective leptin signaling, obese leptin receptor-deficient Koletsky rats and their lean littermates followed a similar protocol as described above and received either oxytocin (1,000 g/kg ip) or vehicle immediately prior to dark cycle onset. Food was returned immediately prior to dark cycle onset and measured both 4 h and 18 h later while body weight was recorded 18 h later.
Determination of CNS oxytocin-induced anorexia in DIO animals. To determine whether central administration of oxytocin is sufficient to reduce food intake and body weight in rats maintained on either a LFD or a HFD, a separate cohort of animals was implanted with a cannula directed toward the 3V, as described earlier. Prior to the commencement of experiments, the cannula placement was verified, and animals were habituated to experimental conditions. Similar to the paradigm described above, 6-h-fasted animals received 3V injection of either vehicle or oxytocin at a dose of 1 g immediately prior to dark cycle onset. Injections were performed over a 1-min period in a final injection volume of 1 l. Food was returned immediately prior to dark cycle onset and measured at 4 h and 18 h later while body weight was recorded 18 h later.
Determination of oxytocin's chronic effects on food intake, body weight, and energy expenditure in DIO rats. To determine whether chronic oxytocin administration causes weight loss in obese animals, rats maintained on a HFD for 4 wk were matched for body weight, food intake, and body adiposity and received either daily peripheral injections of oxytocin at 1,000 g/kg LBM or vehicle just prior to dark cycle onset for 7 consecutive days. To determine whether body weight loss in DIO rats with oxytocin treatment was caused solely by reduced food intake or by increased energy expenditure as well, we placed animals into the Sable Systems indirect calorimeter system for measurement of energy expenditure during the dark cycle on the sixth day of oxytocin administration.
Tissue Collection and Processing
To determine whether peripherally administered oxytocin activates neurons in hindbrain areas that express oxytocin receptors (37) , elicit c-Fos-positive(ϩ)-like immunoreactivity (cFLI, a marker of neuronal activation) in response to central administration of oxytocin (46) , and are involved in the regulation of meal size (46, 64), we measured cFLI(ϩ) cells in the nucleus of the solitary tract (NTS) and area postrema (AP), key hindbrain areas for satiety perception. SD rats maintained on a LFD or a HFD were fasted for 6 h and received an ip injection of either oxytocin (1,000 g/kg LBM) or vehicle. Animals were returned to their cages following injections and continued to have their food withheld to prevent the potential confounding effects of differences of intake on hindbrain c-Fos expression. Ninety minutes following injection of vehicle or oxytocin, animals were anesthetized with ketamine cocktail [ketamine hydrochloride (71.4 mg/kg), xylazine (3.57 mg/kg), and acepromazine (1.1 mg/kg) in a 3 ml/kg injection volume] and transcardially exsanguinated with PBS followed by perfusion with 4% paraformaldehyde in 0.1 M PBS. Brains were removed, stored overnight in fresh fixative at 4°C and subsequently transferred to 0.1 M PBS containing 25% sucrose for 48 h. Brains were then frozen by submersion for 20 -30 s in isopentane chilled with dry ice.
Immunohistochemical Staining and Quantification
Coronal cryostat sections (14 m) of the hindbrain were mounted on slides and stored at Ϫ80°C. c-Fos staining was performed on anatomically matched sections throughout the NTS and AP, as has been published previously (8) . Briefly, slides were washed at room temperature with 10 mM PBS followed by a blocking buffer (5% normal goat serum in 10 mM PBS) for 90 min, followed by additional buffer washes. The primary antibody was rabbit polyclonal anti-c-Fos (Calbiochem, San Diego CA) diluted 1:5,000 in 0.1% BSA in 10 mM PBS, and the secondary antibody was goat anti-rabbit IgG-Cy3 (Jackson ImmunoResearch Laboratories, West Grove, PA) diluted 1:200 in 0.1% BSA in 10 mM PBS. Control sections incubated with normal rabbit serum did not show staining.
Slides were analyzed with a Zeiss Axioplan fluorescence microscope, and all the measurements were made with a ϫ20 objective lens. Identification of anatomic landmarks was assisted by staining cell nuclei with Hoechst 33258 (Sigma-Aldrich, St. Louis, MO), which was added to the mounting medium and observed with a conventional DAPI filter set. Digital RGB images of the fluorescent preparations were acquired with a Nikon Eclipse E-800 (Melville, NY) with a QImaging Retiga 1300i Fast 1394 high-performance digital CCD camera (Burnaby, BC, Canada) plus the Image-Pro Express imaging system (Media Cybernetics, Bethesda, MD) and were exported to Photoshop CS2 (Adobe, Tucson, AZ). Measurements of cFLI expression in the NTS were pooled from three sections separated by 240 m (bregma Ϫ 14.066 to Ϫ13.406) according to the rat brain atlas (48) . In each NTS section analyzed, the number of neurons that had cFLI(ϩ) immunofluorescence in the nucleus was recorded bilaterally. The total number of NTS cFLI(ϩ) neurons across the three anatomically matched sections was analyzed across the treatment groups. Unlike the NTS, the data for the AP were sampled and pooled from only two sections separated by 240 m (bregma Ϫ 14.066 to Ϫ13.736 mm) (48) . The number of cFLI(ϩ) cells in the NTS or the AP was derived from the cumulative number of cFLI(ϩ) cells between the treatments across three sections for the NTS or two sections for the AP, respectively.
Plasma Assays
Blood samples in rats fed the LFD and HFD were collected immediately prior to transcardial perfusion by cardiac puncture in chilled serum separator tubes (SST-amber; Becton-Dickinson, Franklin Lakes, NJ) for measurement of serum oxytocin and plasma leptin. Whole blood was centrifuged at 6,000 rpm for 1.5-min at 4°C, serum was removed, and it was aliquoted and stored at Ϫ80°C for subsequent analysis. Plasma immunoreactive leptin levels were measured using a Millipore kit (Millipore, Billerica, MA), and serum oxytocin levels were determined by ELISA (Phoenix Pharmaceuticals, Burlingame, CA) using the Mouse Metabolic Phenotyping Diabetes and Energy Balance Core at the University of Washington.
Statistical Analyses
All results are expressed as means Ϯ SE. Comparisons between multiple groups were made using a two-way analysis of variance with a Fisher's least significant difference post hoc test for comparisons between groups. For two-group comparisons, a two-sample, unpaired Student's t-test was used. Analyses were performed using the statistical program SYSTAT (Systat Software, Point Richmond, CA). To control for the influence of body size variation on TEE (11), group comparisons involving this outcome were adjusted for total body mass by using analysis of covariance (ANCOVA), as suggested (25, 26) . ANCOVA was performed with the univariate general linear model module in PASW statistics (v. 17; IBM, Chicago, IL). Differences were considered significant at P Ͻ 0.05.
RESULTS
Effect of Peripheral Leptin Administration on Food Intake in DIO Animals
Rats that consumed the HFD for ϳ4 mo gained significantly more body weight than those consuming the LFD over the same time interval (n ϭ 17-20/group; Fig. 1A ). This increase in body weight was due largely to a marked increase of body adiposity (Fig. 1, B-D) . Whereas plasma leptin levels were significantly elevated (n ϭ 10/group) in animals maintained on HFD (n ϭ 7-8/group) relative to LFD controls (n ϭ 10/group), serum oxytocin levels tended to be lower in these animals ( Fig.  1, E and F) . To directly assay leptin sensitivity in these animals, we examined the effect of a peripheral dose of leptin (1.5 mg/kg LBM) administered 1 h prior to dark cycle onset to reduce food intake in both groups (n ϭ 17/group). We found that food intake was significantly reduced at both 4 h and 18 h after leptin administration in LF-fed rats (P Ͻ 0.05), but this effect was absent in HF-fed rats (P ϭ NS; Fig. 1, G and H) . These data are consistent with previous evidence (16, 60) of leptin resistance in rodent models of DIO.
We next examined whether peripheral administration of oxytocin reduces food intake and body weight in these DIO, leptin-resistant rats. Consistent with previous reports (2, 3, 50), we found that peripheral administration of oxytocin dosedependently reduced food intake in animals on the LFD (n ϭ 20/group; Fig. 2A ). Relative to vehicle-treated controls, 4-h intake was reduced by a single injection of oxytocin at doses at or above 125 g/kg LBM (P Ͻ 0.05 for each). After 18 h, food intake remained reduced by 11 and 12% at the 500 and 1,000 g/kg LBM dose, respectively (P Ͻ 0.05; Fig. 2A ). In DIO animals (n ϭ 19/group), oxytocin dose-dependently reduced food intake in a manner similar to that observed in animals fed the LFD (Fig. 2B) . Relative to vehicle-treated controls, oxytocin significantly reduced food intake at 4 h at doses of 125 g/kg LBM and higher (P Ͻ 0.05 for each) and significantly reduced food intake at 18 h at the 500 and 1,000 g/kg LBM dose (P Ͻ 0.05; Fig. 2B ). These data show that, unlike leptin, peripheral administration of oxytocin effectively reduces food intake in animals rendered obese following exposure to a HFD.
The effect of oxytocin to reduce food intake was also accompanied by significant reductions of body weight in animals on both the LFD and HFD (Fig. 2C) ; indeed, weight loss associated with the lowest dose of oxytocin was actually enhanced in DIO animals relative to lean controls (P Ͻ 0.05). This enhancement of oxytocin-induced weight loss is unlikely to be explained by differences in circulating oxytocin, as plasma levels were similar in both lean and DIO animals 90 min following injection of oxytocin (1,000 g/kg LBM) (51 Ϯ 10 vs. 58 Ϯ 18 ng/ml, P ϭ NS) relative to vehicle-treated controls (6.2 Ϯ 0.8 vs. 4.3 Ϯ 0.4 ng/ml, P ϭ NS).
In addition, we found that, in DIO rats, ip oxytocin caused significant weight loss at doses that failed to reduce food intake, suggesting that oxytocin can lower body weight via effects that are both dependent on and independent of reduced food intake. As a first step to investigate this possibility, we measured weight loss in vehicle-treated rats that were pair-fed to the intake of those that received oxytocin. We found that, irrespective of diet, vehicle-treated animals that were pair-fed to oxytocin-treated animals exhibited less weight loss than animals receiving oxytocin (P Ͻ 0.05; Fig. 2D ).
Effect of Peripheral Oxytocin Administration on Food Intake in Leptin Receptor-Deficient Animals
To verify that oxytocin can reduce food intake in rats that are unable to respond to leptin, we next examined whether the anorexic effects of oxytocin remained intact in leptin receptordeficient obese Koletsky rats, a genetic model of defective leptin signaling. Adult male Koletsky rats (mean body wt 644 g) and their lean littermates (mean body wt 378 g) were treated with either oxytocin (1,000 g/kg ip) or its vehicle (n ϭ 6/group). Although the effect of oxytocin to reduce food intake at 4 h and 24 h in lean Koletsky rats did not reach statistical significance, it did reduce body weight gain in these animals (Fig. 3, A and C) . In contrast, peripheral administration of oxytocin at the same dose reduced food intake in obese Koletsky rats at 4 h and 18 h by 35 and 19%, respectively (P Ͻ 0.05 for each), effects accompanied by a significant reduction in body weight gain (Fig. 3, B and C) . Taken together, these data indicate that oxytocin-induced food intake inhibition is intact in animals with both genetic and acquired leptin resistance.
Effect of Peripheral Oxytocin Administration on cFLI Expression in Hindbrain Areas of DIO Rats
To determine if the anorexic effect of systemically administered oxytocin activates neurons in the same brain areas as that following central administration of oxytocin, we measured cFLI induction in both the NTS and AP. Animals maintained on either a LFD (n ϭ 10/group) or a HFD (n ϭ 7-8/group) received either a peripheral injection of oxytocin (1,000 g/kg LBM) or vehicle (Fig. 4) . Compared with ip vehicle, oxytocin increased the mean number of nuclei that were positive for cFLI within both the AP and NTS of animals in each diet group ( Fig. 5, A and B) . Moreover, whereas we observed no difference in the number of c-Fos-positive cells detected among vehicle-treated controls, the ability of systemic oxytocin to increase the number of cFLI(ϩ) cell numbers was enhanced in both the AP and NTS of animals maintained on a HFD relative to the LFD (Fig. 5, A and B ; P Ͻ 0.05).
Effect of Central Administration of Oxytocin on Food Intake in DIO Rats
To determine whether central administration of oxytocin is sufficient to reduce food intake and body weight in DIO animals, separate cohorts of adult male SD rats were placed on either a LFD (n ϭ 13/group) or a HFD (n ϭ 5-8/group). After 3 mo, each animal received icv injection of oxytocin (1 g) or vehicle. Consistent with previous reports (2, 3, 5), we found that 3V administration of oxytocin significantly reduced food intake at both 4 h and 18 h by 14 and 13%, respectively, in animals on the LFD, and this effect was accompanied by a significant reduction in body weight relative to vehicle-treated controls (P Ͻ 0.05; Fig. 6, A and C) . Centrally administered oxytocin similarly reduced both food intake and body weight relative in DIO rats relative to vehicle-treated controls (63) (Fig. 6, B and C) .
Determination of Oxytocin's Chronic Effects on Weight Loss and Energy Expenditure in DIO Rats
To determine whether chronic systemic administration of oxytocin causes sustained weight loss in the setting of DIO, 4-wk HFD-fed rats (mean body wt 571 Ϯ 14 g, mean %body fat 17.9 Ϯ 0.9%) were treated daily with peripheral injection of either oxytocin (1,000 g/kg LBM) or vehicle for 7 consecutive days (n ϭ 8/group). Consistent with our earlier findings, we found that, relative to vehicle-treated controls, oxytocin significantly reduced body weight on day 1, and this weight loss continued and persisted throughout the duration of the study (Fig. 7A) . This effect was accompanied by a significant reduction in body fat content and a consistent, sustained effect of oxytocin to suppress food intake (Fig. 7, B and C) . To determine whether oxytocin also increases energy expenditure in addition to its effects to suppress food intake, oxytocin-and vehicle-treated rats were placed in an indirect calorimeter during the dark cycle on the day 6 of oxytocin treatment. We found that, despite significant reductions of both food intake and body weight, which normally reduces the rate of energy expenditure and lowers RQ, these animals maintained levels of energy expenditure, RQ, and ambulatory activity no different from those of vehicle-treated controls (Fig. 7, D-F) .
DISCUSSION
The primary goals of this study were to determine whether increased signaling by oxytocin, a downstream mediator of leptin action, is sufficient to induce anorexia in obese, leptinresistant animals and whether this effect can be induced following systemic as well as central oxytocin administration. We found that, whereas leptin-induced inhibition of food intake was attenuated in DIO animals, administration of oxytocin dose-dependently reduced food intake and body weight irrespective of dietary fat content and in the presence of either genetic or diet-induced leptin resistance. In addition, oxytocin's anorexic effects could be elicited following either peripheral or central oxytocin administration, and this effect was accompanied by a loss of body weight that could not be fully explained by the reduction of food intake. Moreover, chronic oxytocin administration induced prolonged, sustained weight Fig. 3 . Oxytocin reduces food intake and body weight in leptin receptor-deficient Koletsky rats. Food intake and body weight change in both lean (Fa/Fa) (A, C) and obese leptin receptor-deficient (fa k /fa k ) Koletsky rats (B, C) following an ip injection of either vehicle or oxytocin (1,000 g/kg body wt) administered immediately prior to dark cycle onset. Data represent means Ϯ SE. *P Ͻ 0.05 vs. vehicle. loss in rats with DIO and blocked the decrease of energy expenditure that normally accompanies weight loss. Combined with our finding that systemic oxytocin administration activates neurons in both the AP and NTS (as has previously been reported following central administration), we conclude that increased oxytocin signaling circumvents leptin resistance in DIO animals by maintaining activation of hindbrain areas that regulate energy balance. Therapeutic interventions that target this pathway may therefore have untapped potential in obesity treatment.
So far as we are aware, ours is the first report that acute peripheral administration of oxytocin dose-dependently reduces food intake and body weight not only in lean animals on a LFD, as previously described (2, 3, 5) , but that the anorexic effects of oxytocin are not diminished in rats with obesity, hyperleptinemia, and leptin resistance induced by HFD feeding. Moreover, we found that chronic treatment with oxytocin systemically resulted in persistent, sustained weight loss in DIO rats. While oxytocin receptors are expressed in peripheral tissues, including the reproductive tract and kidney (19) , and we cannot rule out a peripheral site of action (or a neural mechanism that requires activation of peripherally located afferent fibers), our data suggest that the anorexic effects of oxytocin are mediated centrally. This hypothesis is supported by evidence that oxytocin receptors are expressed in brain areas including the NTS (37) and that neurons in this brain area were activated following and peripheral administration of oxytocin. Our findings that the same hindbrain areas are activated by central administration of oxytocin at much lower doses (46) and that icv administration of oxytocin reduces food intake at doses that are not effective when administered peripherally (2, 3, 5) are consistent with a common mechanism of action regardless of whether oxytocin is given centrally or peripherally.
Indeed, recent work suggests that systemic administration of oxytocin activates oxytocin neurons in the supraoptic nucleus, as well as the magnocellular PVN and pPVN (13, 63) , and induces the release of oxytocin from the PVN (63) . These findings raise the interesting possibility that the oxytocinmediated activation of pPVN oxytocin neurons induces release of oxytocin in the NTS, a mechanism that in some ways parallels leptin action. Unlike leptin, however, the question of whether circulating oxytocin plays a physiological role to regulate energy balance has yet to be investigated. Future studies will be aimed at studying the effects of systemic oxytocin to reduce food intake, body weight, and induce Fos in the NTS of animals with reduced oxytocin receptor expression in the NTS as one approach to determine whether systemic administration of oxytocin requires activation of oxytocin receptor-expressing neurons in the NTS.
Substantial literature suggests that oxytocin neurons in the hypothalamic pPVN are activated by leptin [either directly or via projections from melanocortin neurons in the arcuate nucleus (ARC)] and serve to couple forebrain leptin action to hindbrain areas that respond to meal-related satiety signals. In support of this hypothesis, leptin activates oxytocin-producing neurons in the pPVN (8) , a subset of these pPVN oxytocin neurons sends projections to NTS regions that respond to CCK and control meal size (8) , and oxytocinergic fibers in the NTS originate solely from pPVN neurons (49) . Furthermore, the ability of leptin both to reduce food intake and to enhance the satiety and neuronal response to CCK appears to require oxytocin signaling, as it is attenuated by 3V pretreatment with an oxytocin receptor antagonist (8) . Evidence that the melanocortin pathway is a component of this neurocircuit includes the finding that leptin activates POMC neurons in the ARC (14, 54) , that leptin's ability to activate pPVN neurons is blocked by melanocortin-3/4 receptor antagonists (55) , and that intact (36) , and the anorexic effects of ␣-MSH are prevented by pretreatment with an oxytocin receptor antagonist (62) . These findings collectively suggest that melanocortin signaling activates oxytocin neurons in the pPVN that in turn link input from leptin to hindbrain areas that process input from satiety signals such as CCK.
In DIO animals, attenuation of leptin-induced anorexia is associated with reduced activation by leptin of pSTAT3, a marker of leptin signaling, in the ARC, but not in other hypothalamic leptin-sensing neurons, suggesting that ARC neurons are a major site of leptin resistance (42) . Combined with the finding that leptin fails to induce hypothalamic secretion of melanocortin peptides in DIO mice compared with chow-fed controls (17), we hypothesize that DIO is accompanied by an attenuation of leptin's ability to stimulate proopiomelanocortin neurons, thereby reducing the release of ␣-MSH on oxytocin neurons in the pPVN. This, in turn, reduces oxytocin secretion in the NTS, dampening the satiety response to CCK and favoring the consumption of larger meals, ultimately promoting weight gain over time. This model predicts that administration of oxytocin can overcome "leptin resistance" by activating oxytocin-sensitive neurons in hindbrain areas that promote the suppression of food intake.
Our findings that the effect of systemic oxytocin to activate cFLI in key hindbrain areas that contain oxytocin receptors (37) is not only maintained but enhanced in animals on a HFD relative to a LFD supports this model. One possible explanation for this effect is that HFD-induced obese animals have a reduced endogenous oxytocin tone, resulting in increased oxytocin sensitivity. Consistent with this model, lateral and fourth ventricular administration of an oxytocin receptor antagonist to block endogenous oxytocin in the hindbrain attenuates the satiety effects of CCK (6, 45) and stimulates food intake in rodents by increasing meal size (8, 9) . However, although the satiety effect of CCK is not attenuated in oxytocin-deficient mice (38) , reducing the expression of oxytocin-receptive cells in the NTS using a saporin toxin approach attenuates the satiety response to CCK (4).
Consistent with this hypothesis, a recent study reported that Syt4 is a regulator of exocytosis that is expressed in oxytocin neurons in the PVN and inhibits oxytocin release from these neurons (63) . Support for a role of Syt4 in promoting DIO through inhibition of oxytocin release was provided by the finding that syt4-deficient (syt4 Ϫ/Ϫ ) mice are protected from DIO, whereas conversely, overexpression of Syt4 in oxytocin neurons increases food intake and body weight gain. Moreover, Fig. 7 . Effect of chronic peripheral oxytocin administration on weight-loss and energy expenditure in DIO rats. Change in body weight (A), change in body fat (B), daily food intake (C), adjusted energy expenditure (EE; D), respiratory quotient (RQ; E), and ambulatory activity levels (F) as measured using indirect calorimetry in 4-wk HFD-fed rats treated daily with peripheral administration of vehicle or oxytocin (1,000 g/kg LBM) for 7 days. Data represent means Ϯ SE. *P Ͻ 0.05 vs. vehicle.
oxytocin release from the PVN was blunted in HFD relative to chow-fed control mice, whereas it was enhanced in chow-fed syt4 Ϫ/Ϫ mice and was not attenuated by HFD feeding in these animals (63) . Combined with evidence that chronic sucrose intake blunts activity of the anorexigenic oxytocin system (40) , these support the hypothesis that oxytocin release is impaired in DIO (perhaps via a mechanism involving resistance to leptin signaling). Additional studies are warranted to test directly whether leptin-induced activation of oxytocin neurons in the pPVN, and the subsequent release of oxytocin in the NTS, is impaired in DIO animals.
Because oxytocin-induced weight loss could not be fully accounted for by reduced food intake alone, and since doses of oxytocin below those needed to reduce food intake nonetheless lowered body weight, it seems likely that oxytocin stimulates energy expenditure as well. While weight loss causes a decrease in energy expenditure in both rodents and humans (28, 33, 51) , we found that in animals treated chronically with oxytocin, despite a persistent, sustained suppression of food intake and weight loss, energy expenditure levels were maintained in these animals similar to that of vehicle-treated controls. Thus, oxytocin administration blocked the effect of weight loss to reduce energy expenditure, an effect also observed in response to leptin administration (51) . A role for oxytocin in the regulation of energy expenditure is further supported by evidence that central administration of oxytocin acutely stimulates energy expenditure in chow-fed rats (63) , that pPVN oxytocin neurons project to the spinal cord (53) , that a proportion of oxytocin neurons in the pPVN project postsynaptically to BAT (43) via the stellate ganglia (24) , and that oxytocin-expressing neurons in the PVN are activated in mice following cold exposure (27) . Moreover, oxytocin-and oxytocin receptor-deficient mice exhibit both an impaired thermogenic response to a cold challenge (27, 58) and reduced sympathetic tone (12) , whereas central oxytocin administration induces hyperthermia in rabbits (35) and mice (39) . These data suggest that pPVN oxytocin neurons participate in the regulation of thermoregulation as well as food intake, and both functions may participate in the control of energy reserves.
In conclusion, our findings extend previous evidence and suggest that increased oxytocin signaling is capable of inducing both acute and chronic reductions of body weight in DIO rats both by suppressing food intake and by preventing the effect of weight loss to lower energy expenditure. Moreover, our data suggest that this effect of oxytocin to circumvent leptin resistance occurs through a mechanism in part involving activation of hindbrain neurons involved in satiety perception. Taken together, these data raise the possibility that pharmaceutical interventions that target this may be another potential avenue to treat obesity.
